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Temperature dependence of the resistance of a phase-slip hne in a thin 
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An experimental investigation was made of the temperature dependence of the first step of a 
phase-slip line in a thin superconducting tin film. The depth of penetration of a nonequilibrium 
longitudinal electric field into the superconductor was determined near the critical temperature. A 
comparison was made with theoretical investigations of one- dimensional structures containing phase- 
slip centers. The experimental results were found to be in good agreement with the theory when 
the mechanism of mixing of electron-like and hole-like branches of the quasiparticle spectrum was 
governed by the elastic scattering of the excitations. This was one more experimental confirmation 
that a phase-slip line is a two-dimensional analog of a phase-slip center. 

PACS numbers: 74.40.-|-k, 74.25.Qt, 74.78.Db, 74.50.-|-r 



The passage of a constant transport current exceeding 
the critical value gives rise to a spatially inhoniogeneous 
resistive state in a superconducting film. A special fea- 
ture of this state is the existence of an energy gap in 
the spectrum of quasiparticle excitations, i.e., the exis- 
tence of a superconducting current, and also of a normal 
dissipative current giving rise to a voltage drop. A nar- 
row film of width W less than the coherence length £,{T) 
splits into localized resistive regions known as the phase- 
slip centers [l|. Phase-slip lines iM, may form in a wide 
film characterized by M^ > ^{T) if the heat removal con- 
ditions are good. 

The depth of penetration Ie of a nonequilibrium longi- 
tudinal electric field determines the resistance i?p to the 
flow of the current of a single phase-slip center [l| and a 
phase-slip line 2!|, where 



-Ro = ^pJe/Wd 



(1) 



where /?„ is the resistivity in the normal state and d is 
the film thickness. In a more or less homogeneous film 
the above expression can be rewritten in the form 



Rq — 2RnlE/L 



(2) 



where R„ is the resistance in the normal state and L is 
the length of the whole film. 

The temperature dependence Rq(T) can be used to 
judge the temperature dependence of Ie- Information on 
the depth of penetration of the electric field can be ob- 
tained also directly by microprobe located near a single 
phase-slip center J3| and a phase-slip line |3|- The depth 
of penetration of the electric field is governed by various 
mechanisms of relaxation of the difference between the 
populations of electron- and hole-like branches of the en- 
ergy spectrum of a superconductor jj, Q . They include 
an inelastic mechanism of electron -phonon collisions, an 
"elastic" mechanism in the case of a sufficiently strong 
current js of the condensate, and other "elastic" mecha- 



nisms involving the scattering by paramagnetic impuri- 
ties and the anisotropy and inhomogeneity of the energy 
gap. Different mechanisms have different temperature 
dependence. An experimental investigation of the depen- 
dence Ie{T) can be used to determine which mechanism 
is active in a given situation. 

As demonstrated in many theoretical and experimen- 
tal investigations [ij, y| j ^-^ inhomogeneous distribution 
of the longitudinal field in a phase-slip center is formed 
primarily by the inelastic electron-phonon scattering pro- 
cesses. In this case the depth of penetration of an electric 
field into a superconductor with an energy gap is [Sj 



VD^=\Dt, 



AkT 



(3) 



where A is the energy gap, D — (l/3)ui?/ is the electron 
diffusion coefficient [vp is the Fermi velocity and / is the 
mean free path) , tq is the relaxation time of the asymme- 
try of the populations of the branches of the quasiparticle 
spectrum, and r^ is the relaxation time. Near T^ in the 
case of the inelastic mechanism we have 
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A{DT,y^^{l~T 



-1/4 



(4) 



where A is the numerical coefficient of the order of unity, 
T = T/Tc, and Tc is the critical temperature. 

It is shown in Refs. |j,|a,Hl3 that another mechanism 
of penetration of an electric field is the elastic scattering 
of excitations resulting in mixing of the electron and hole 
branches of the spectrum. It is important if we allow for 
the finite velocity of fiow of the superconducting conden- 
sate. At temperatures somewhat further from Tc these 
processes may predominate over the inelastic mechanism. 
The depth of penetration of an electric field in the case 
of the elastic scattering mechanism is |6|, |7| 



If 



ne 



PsAV2 



(5) 



where Pg is the superfluid momentum and e is a charac- 
teristic energy. Near Tc, we obtain 



rj^^Bi^oiy/'ii-r) 



(6) 



where i? is a numerical coefficient of the order of unity 
and ^0 is the coherence length of a pure superconductor. 
The limiting conditions for the realization of the elastic 
and inelastic case are found theoretically in Ref. |j] . The 
inelastic mixing mechanisms can be neglected if 



lel ^ , in 



In the case of a homogeneous sample, we have 



(1-t)» 



-|2/3 



.kTr 



(7) 



(8) 



It follows from the above inequality that when the tem- 
perature shifts somewhat from Tc, the elastic processes of 
mixing of electron and hole branches of the quasiparticle 
spectrum may predominate in such a homogeneous sam- 
ple. Moreover, the condition (8) depends on the energy 
relaxation time Tg. Theoretical estimates of t^ are given 
in Ref. J9|, but the experimental values of r^ are subject 
to a large scatter. Therefore, at a given temperature we 
may have the same mixing mechanism in different sam- 
ples. 

Phase-slip centers have been investigated quite thor- 
oughly both theoretically and experimentally 0, Q , but 
there are practically no theoretical studies of phase-slip 
lines. These lines have the following properties: 1) mo- 
tion of vortices until the first phase-slip line is formed; 2) 
creation of a magnetic field by the transport current (in 
the case of phase-slip centers this field is ignored because 
of the small width of the films). This makes it diffi- 
cult to analyze phase-slip lines theoretically. The tem- 
perature dependence of the resistance of these lines has 
not yet been investigated sufficiently thoroughly. Even 
in the case of phase-slip centers the early treatments of 
Tinkham et al. |9| failed to detect a temperature depen- 
dence of the differential resistance of these centers. This 
dependence was however observed subsequently [ifll, |llj . 
In the case of wide films the temperature dependence of 
the differential resistance of a phase-slip line was first 
investigated by us JJl and we found that the depth of 
penetration of an electric field is governed by the inelastic 
scattering mechanism. 

Variation of the initial data of a sample allows us to 
consider the elastic mechanism. The temperature de- 
pendence of the resistance of a phase-slip line under the 
elastic scattering conditions is the subject to the present 
paper. We prepared samples with a much lower resistiv- 
ity Pn = 8* 10~^r2» cm than used by us in Ref. (l3| , which 
made it possible to widen the temperature range of the 
existence of phase-slip lines until they were transformed 
into resistive domains, which increased the probability of 




FIG. 1: Temperature dependence of the resistance of a phase- 
slip line. The increase in the resistance as a result of cooling 
in the temperature interval less than T ~ 3.84 K was due to 
conversion of this phase-slip line into a elementary resistive 
domain because of the deviation from isothermal conditions. 



a realization of the elastic case. Moreover, in the case 
of the new samples the time r^ was several times longer 
than in the study reported in Ref. |l2l |. 

Our samples were tin films d w 2000 A thick, W = 70 
fiiji wide, L = 2 mm long and i?„ « 1.14 f2. They were 
formed by thermal evaporation on silicon substrates kept 
at room temperature. Weak spots (cuts) at side bound- 
aries of a film strip were formed to facilitate the ap- 
pearance of isolated phase-slip lines. The current-voltage 
characteristic was recorded at different temperatures of 
a helium bath near Tc ~ 3.91 K. This characteristic was 
stepped and it consisted of a series of linear regions with 
a differential resistance which was a multiple of the re- 
sistance i?o of a single phase-slip line, similar to that 
reported in Ref. |l2l |. 

The temperature dependence of the resistance of the 
first phase-slip line (Fig. 1) was qualitatively similar to 
the temperature dependence reported by us earlier |l2| . 
However, in the present case, single phase-slip lines were 
manifested less clearly in the current-voltage character- 
istic and merging of several phase-slip lines usually oc- 
curred. The appearance of the first step due to a sin- 
gle phase-slip line near the critical current and critical 
temperature was observed for samples with a strong in- 
homogeneous boundary (the dimensions of the inhomo- 
geneity were less than the depth of penetration of an elec- 
tric field). The main difference was that the resistance 
of a phase-slip line had a stronger temperature depen- 
dence (Fig. 1) in the isothermal interval, which was « 
3.86 -^ 3.90 K in our case. 

The results of a quantitative analysis obtained for one 
of our samples are presented in Fig. 2. The temperature 
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FIG. 2: Temperature dependence of the resistance of a phase- 
slip line in the isothermal interval. 



dependence of the dimensionless resistance i?o/151 on (1 — 
r) in the isothermal interval was plotted on a logarithmic 
scale. The experimental points fitted well a straight line 
with the slope « — I and the continuation (extrapolation) 

-8.26. 
2.59* 



exp 



of this line intersected the ordinate at In Af, 
Hence, we found the experimental value AI^xp 
10^"* il. Assuming that 



^i = s(CoO'/'(i-r)"", 

we obtained experimental value of the resistance 
91 



where 



M = 



2RnB{^ol)'/^ 



L 



(9) 



(10) 



(11) 



^0 ~ 2.3* 10^^ cm is the coherence length of tin and 
I — 2 * 10^^ cm is the mean free path in the tin film 
obtained from pnl — 1.6 * lO"^^!! • cm^ J12l |. 

A comparison of the experimental value of Mexp, de- 
duced from Fig. 2, with M ~ B(2.44* 10""*) n, deduced 
from (11) indicated that the numerical coefficient was 
S ~ 1 . Therefore, the depth of penetration of an electric 
field found from the experiment results was given by Eq. 
(9), where B ~ 1 and n ~ 1. This was in agreement 
with the theoretical predictions Q and with the exper- 
imental results |lOj obtained for narrow films in which 
phase-slip centers formed. In the elastic case character- 
ized by l^ > l'^ we could estimate the energy relaxation 
time Tg. This time was of the order of 10~^ s, which was 



close to the value found in Ref. [lOj, when both (elastic 
and inelastic) scattering mechanisms were active under 
the conditions of formation of phase-slip centers. This 
value of Te was several times greater than that used in 
Ref. [13 , where the inelastic mechanism was observed. 

We thus demonstrated for the first time that in the 
case of wide films containing phase-slip lines, when the 
transport current was slightly higher than the critical 
value, the elastic relaxation mechanism of the imbalance 
of populations of the electron- and hole-like branches of 
the quasiparticle spectrum of excitations could predom- 
inate and govern the depth of penetration of an electric 
field and, consequently, the temperature dependence of 
the resistance of a phase-slip line near Tc- Another im- 
portant result was that the intrinsic magnetic field of the 
current and the dynamics of motion of vortices did not 
affect significantly the temperature dependence of the re- 
sistance of a phase-slip line. This resistance was governed 
by Ie, exactly as in the case of narrow films containing 
phase-slip centers. 

The authors regard it as their pleasant duty to express 
their deep gratitude to V. T. Volkov for ion-beam etching 
of the structures. 
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